Abstract Investigating the pathophysiological mechanisms underlying brain disorders is a priority if novel therapeutic strategies are to be developed. In vivo studies of animal models and in vitro studies of cell lines/primary cell cultures may provide useful tools to study certain aspects of brain disorders. However, discrepancies among these studies or unsuccessful translation from animal/cell studies to human/clinical studies often occur, because these models generally represent only some symptoms of a neuropsychiatric disorder rather than the complete disorder. Human brain slice cultures from postmortem tissue or resected tissue from operations have shown that, in vitro, neurons and glia can stay alive for long periods of time, while their morphological and physiological characteristics, and their ability to respond to experimental manipulations are maintained. Human brain slices can thus provide a close representation of neuronal networks in vivo, be a valuable tool for investigation of the basis of neuropsychiatric disorders, and provide a platform for the evaluation of novel pharmacological treatments of human brain diseases. A brain bank needs to provide the necessary infrastructure to bring together donors, hospitals, and researchers who want to investigate human brain slices in cultures of clinically and neuropathologically well-documented material.
Introduction
The discovery of the pathophysiological mechanisms underlying human brain disorders and the development of potential treatments based upon new molecular targets present great challenges. Our knowledge on the structure and function of the human brain is far from complete, and we are only beginning to explore strategies to protect our brains against diseases and repair damage caused by disorders. Neuropsychiatric disorders are currently in the top ten of human health burdens. Thus, one of the main efforts in brain research is aimed at obtaining insights into the pathogenesis of neuropsychiatric disorders. Such research is, at present, mainly based upon animal models or upon animal or tumor-derived cell/tissue culture experiments.
Animal models of neuropsychiatric disorders have made a substantial contribution to our understanding of human disorders and are used to evaluate putative novel therapeutics. There are now a great number of transgenic rodent models, non-human primate models, and even invertebrate models for Alzheimer's disease (AD), mood disorders, and other brain disorders [1] [2] [3] . However, due to the unique properties of the human brain, animals do not fully recapitulate the complexity of human neuropsychiatric disorders and only partially mimic symptoms and the underlying processes of pathogenesis. For example, the social defeat rodent model for depression does not mirror the full range of symptoms of patients with major depression (depressed mood, neuro-vegetative symptoms, cognitive symptoms such as guilt, emotional symptoms, and psychomotor agitation or retardation), and it lacks symptoms that are unique to humans and are only revealed through verbal enquiry, such as suicide ideation [4] . The limited number of methods with which we can measure these symptoms objectively in rodents only aggravates the situation. The most commonly-used AD model is the APP/ PS1 transgenic mouse, which uses two different amyloid precursor protein (APP) and presenilin 1 (PS1) familial mutations to show limited or incomplete phenotypes. The majority of the AD models have amyloid accumulation, but lack the widespread neurodegeneration, brain atrophy, and intracellular neurofibrillary tangles [5] , which are typical features of the AD brain. In addition, in this model, the onset of plaque formation is accompanied by cognitive impairment, which is much earlier than in AD, where cognitive impairment only happens decades after plaque formation [1] . In addition, species differences have been observed in basic properties of neurons. Studies have shown intrinsic differences in electrophysiological characteristics between human and mouse neurons [6, 7] . Neuron size and the anatomical complexity of glial cells differ considerably between humans and animal models [8, 9] . Occasionally, animal models for AD or autism using nonhuman primates are not practical in terms of time, cost, or availability, although these models may provide essential advantages [10, 11] , such as greater genetic similarity to humans and more relevant development of pathology. However, so far there has been no satisfactory animal model for a human brain disease that accommodates face validity (similarity between the behavioral phenotypes in the model and the clinical symptoms of the disorder), construct validity (model and disorder have a similar underlying neuropathogenesis), and predictive validity (amelioration or absence of changes in the behavioral abnormalities in the model as a result of a clinically effective or ineffective treatment) [12] .
In vitro animal-or tumor-derived cell/tissue cultures or immortalized cell lines (rather than neurons) offer another tool to study the molecular and cellular mechanisms underlying the pathogenesis of brain disorders, as well as drug efficacy. Traditionally, the dynamic properties of the nervous system have been studied using brain slice cultures from animal models. They comprise processes such as cell migration [13] , drug toxicity [14] , various disease models including AD [15] , and environmental influences on the brain epigenome such as gene (leucine-rich alpha-2-glycoprotein 1) methylation differences caused by lower glucose concentration in preterm births [16] . However, usually there are discrepancies among studies, which are, at least partly, due to species differences [6, 17] and/or technical considerations such as different cell culture medium parameters or cell passages, that complicate their relevance for human brain pathophysiology. There are studies showing that mature neurons can be isolated from the human brain at autopsy, survive in vitro, and maintain their functional properties [18] . However, the local physiological neuronal network functions are interrupted in this model and it is not clear what specific cells are selected by this procedure. Recently, differentiating human embryonic stem cells [19] and induced pluripotent stem cells [20] that develop into neurons or cerebral organoids in threedimensional culture [21] have been used to mimic human cerebral cortex development and cellular organization in vitro. Although these approaches mark significant progress, challenges regarding cell purity, cell-subtype identity, and the desired maturity of the human neuron-like cells generated need to be addressed. In addition, these approaches can currently neither reconstruct the complicated human neuronal network of the central nervous system, including its regular cortical layering and columnar organization, nor the complex micro-environment, which would be crucial when investigating the physiological characteristics of human brain circuitry or pathophysiological mechanisms leading to the development of neuropsychiatric disorders.
For these reasons, a direct translation from results obtained from animal models or in vitro cell models to human brain disorders is in most cases not possible. Therefore, the development of experimental systems more closely reflecting the human brain in health and disease is needed.
Human Brain Slice Culture
In order to investigate neuropsychiatric disorders, we have explored the potential use of organotypic cultures of postmortem and resected human brain tissue [22] [23] [24] [25] [26] [27] [28] . For practical and ethical reasons, the availability, the amount, and the available brain areas of resected brain material obtained at surgery are very limited. Both postmortem and resected tissues can be maintained in vitro for a month and beyond [24, 25] and can be experimentally manipulated [22, 24, 25, 28] . The reactions of postmortem tissue to the processing of slices and transfer to the in vitro conditions are, however, strikingly different from those of resected tissue, due to a reaction to the surgical manipulation of the latter tissue. For a schematic illustration of the difference between the pre-culture histories of postmortem and resected brain tissues, refer to the supporting information Fig. S1 in Verwer et al. [25] .
The brain is left in the skull during the postmortem interval and cells that have survived the agonal state and this postmortem interval presumably have reached a kind of resting state when they are finally manipulated and placed in the culture medium. The morphological features of neurons and their histological organization in postmortem tissue slices may remain intact for as long as 50 days in vitro (DIV) as is illustrated in Fig. 1A . Relevant pathological features that are characteristic of a human disease process, such as plaques and tangles in AD, can be assessed in relation to the viability of cells. While the number of viable neurons and the respiratory chain enzyme activity (cytochrome oxidase IV) gradually decrease during the time in vitro [23, 24] , viable neurons may still be detected at more distant time points (Fig. 1B-D) . Addition of pyruvate, a metabolite that can be directly used by mitochondria, prolongs the activity of cytochrome oxidase [24] . Cells in these slices respond to experimental manipulation [22, 24, 28] . For instance, neurons can be induced to take up recombinant adeno-associated viral (AAV) vectors containing the reporter gene for Escherichia coli bgalactosidase (Lac Z) at DIV 34 and express this enzyme a few days later (Fig. 1E ). Viable neurons can express this enzyme even in the vicinity of the pathological hallmarks of AD (Fig. 1F) . Thus, neurons that have Alzheimer pathology and experience the agonal state may still possess the machinery to carry out complex physiological processes. Furthermore, when we co-cultured slices with rat embryonic neural stem cells, which were separated by a semi-permeable membrane, we found a higher number of viable neurons than without stem cells (Fig. 1G, H ). This suggests that rat embryonic neural stem cells secrete molecules that are beneficial to human neurons in vitro [28] . The presence of morphologically intact synapses [24] and traceable axons [23] suggests that communication between neurons in these slices might be functional. Indeed, using three-dimensional electrode assays (MEA-60, Multi Channel Systems, Reutlingen, Germany) equipped with a grid of 60 spike electrodes with a 200-lm inter-spike distance, spontaneous electrical activity can be recorded in human postmortem cortex slices in culture (Balesar, Verwer et al., unpublished data). Usually, recordings are made at *2 weeks in vitro, but in a single preparation, activity was detected at a single electrode after 63 DIV. In our experiments, the addition of nerve growth factor, brain-derived neurotrophic factor (BDNF), and neurotrophin-3 appeared helpful to obtain improved activity. In this way, we recorded spontaneous electrical activity in postmortem slices at many electrodes simultaneously or in synchronized waves over groups of electrodes ( Fig. 2A) , and this was suppressed by the addition of 1 lmol/L tetrodotoxin (TTX) to the medium (Fig. 2B) . The TTX effect showed that sodium channels were functionally active in vitro. With some delay, activity resumed after washout of TTX (Fig. 2C) . Fig. 2C also illustrates that field potential activity, sparse firing, regular spike firing, and burst firing patterns were produced by neurons in the areas of the electrodes. It should be noted that some electrodes can be inactive for a considerable time and then suddenly start to become active again.
Here, we give, as an example, the application of postmortem human brain slice cultures that were used to study the functional consequences of neurosteroid changes that we found in mood disorders. In postmortem tissue we found a significant decrease in the mRNA level of cytochrome P450 17A1 [CYP17A1, which synthesizes C19 ketosteroids such as dehydroepiandrosterone (DHEA)] in the anterior cingulate cortex, and a significant increase in the mRNA level of hydroxysteroid sulfotransferase 2A (SULT2A1, which catalyzes the sulfate conjugation of DHEA to DHEAS) in the dorsolateral prefrontal cortex from patients with major depressive disorder, suggesting alterations in the levels of DHEA and its sulfate metabolite DHEAS in this neuropsychiatric disorder. In addition, we found decreased mRNA levels of BDNF and its receptor tyrosine-related kinase B (TrkB) in the same cohort. A wide range of basic and clinical studies has revealed that BDNF and TrkB play a critical role in depression and in the mechanism underlying the action of antidepressants [29, 30] . Interestingly, we found a significant positive correlation between the mRNA levels of CYP17A1 and TrkB in control subjects but not in depressed patients. We subsequently tested the effects of DHEA and DHEAS on postmortem human prefrontal cortex slice cultures for five days, in particular on the transcriptional levels of BNDF and TrkB, to gain insight into the possible neurobiological basis of DHEA/DHEAS treatment in the human brain and to test DHEA/DHEAS as a potential drug for depression [22] . Treatment with DHEA did increase the BDNF mRNA level in human brain slices compared to vehicle-treated slices, indicating a close functional relationship between the DHEA/DHEAS and BDNF-TrkB pathways and that steroids such as DHEA may provide promising novel targets for therapeutic strategies in major depressive disorder. Actually, patients with major or minor mild-life depression who were given DHEA showed improvement in their Hamilton depression rating scores in a randomized controlled trial [31] , and the positive response of patients taking DHEA was maintained for 8 months, especially among those with increased DHEAS levels [32] . This shows that human brain slice culture may not only be useful for functional studies of putative therapeutic In F, the tissue was transfected at DIV 14 and the enzyme activity was assessed at DIV 24, and tau pathology was detected using immunocytochemistry (stained with AT8; asterisk, neuritic plaques as black deposits,). G-H Viability staining of postmortem tissue from an AD patient at DIV 9. G Untreated slice. H A slice co-cultured with rat embryonic neural stem cells from DIV 0 to DIV 9. Healthy neurons can be surrounded by pathological changes associated with amyloid and neuritic plaques. I-J Resected brain tissue shows a strong injury response involving reactive cells whose origin is not clearly defined because they can express surprising combinations of markers, like the astrocytic marker GFAP (green) and the microglial marker HLA (red) in tissue from an epilepsy patient at DIV 29 (I), and like the astrocytic marker S100b (green) and the early neuronal marker TuJ1 (red) in tissue from an epilepsy patient at DIV 26 (J). K, L It appeared that the emergence of reactive cells (stained for nestin, a reactive cell marker) was prevented by 24 compounds, but may also have predictive value in terms of positive clinical effects in a psychiatric disorder.
In addition, postmortem human cortical brain slices that have been cultured for 1 week in poly I:C-or LPSconditioned astrocyte medium, show better neuronal survival than slices cultured in a traditional non-conditioned medium, suggesting that astroglial Toll-like receptor-3-mediated production of a variety of neuroprotective factors can maintain the viability of neurons in culture [33] . Furthermore, postmortem human brain slices cut from fresh-frozen cerebellar cortex or the hippocampal formation were incubated for 30 min at 37°C with vehicle alone or with vehicle plus human recombinant insulin or human recombinant insulin-like growth factor 1 (IGF-1) at nearphysiological doses. It was first found that insulin and IGF-1 stimulated signaling pathways via different insulin receptor substrate (IRS) isoforms, IRS-1 and IRS-2, respectively [34] . Insulin resistance associated with IRS-1 dysfunction occurs in the cerebellar cortex and is more marked in the hippocampal formation of AD patients. IGF-1 resistance associated with IRS-2 dysfunction is severe in both the cerebellar cortex and the hippocampal formation of AD cases [34] . It might be of interest to mention that a short-term culture procedure has been used for tracing afferents and efferents and measuring alterations in the axonal transport rate in human postmortem tissue blocks obtained within 8 h after death [35] [36] [37] [38] [39] [40] . When neurobiotin and biotinylated dextran amine were used as tracers, transport was observed over distances of 0.5 cm-1.5 cm along axons from injection sites in different brain areas. Dai et al. did not use slices for this purpose but trimmed small tissue blocks for tracer injection. These blocks were incubated in artificial cerebrospinal fluid at room temperature and provided with glucose and 95% O 2 ? 5% CO 2 Fig. 2 Spontaneous electrophysiological activity in postmortem human brain slices after 2 weeks in vitro. A Computer display of a 2-s recording sweep at 60 electrodes simultaneously from an MEA-60 spike-electrode array (Multi Channel Systems, Reutlingen, Germany). The slice was from the visual cortex of a 91-year-old control subject and the recording was made at 14 days in vitro (DIV). Bouts of regular spiking occurred at some electrodes, while more or less synchronous firing occurred at a frequency of about 1 per 2 s at several other electrodes. B A display from the same slice as in panel A after 1 lmol/L TTX was applied and all firing activity stopped. C Trace consisting of 41 sweeps of 2 seconds at one electrode illustrates the patterns of activity that may be observed. This trace was recorded 24 h (DIV 15) after washout of TTX in the same slice as in A and B.
for\ 24 h followed by fixation, sectioning, and staining for microscopy. In this way, the fibers of the human retinohypothalamic tract terminating in the suprachiasmatic nucleus (SCN) were visualized [35, 36] . In control subjects, a network comprising efferents of the SCN to other hypothalamic areas and axonal transport appeared to be comparable to those found in rats [37, 38] , whereas axonal transport appeared to be impaired in the temporal cortex in AD patients [39] or by adding cortisol to the medium [40] .
Resected brain tissue consists of normal, unaffected tissue that needs to be surgically removed because it obstructs access to and removal of a brain area afflicted by a pathological process (i.e. epileptic tissue or a tumor). If this tissue is not needed for diagnosis, it can be used for research purposes. At the time of operation, this tissue is perfectly healthy, but its reaction to the interruption of circulation, the mechanical manipulations of the operation, the processing of slices, and the transfer to in vitro conditions is a severe injury response [25, 27] . As a result, neurons degenerate rapidly during the first week in culture and reactive glial cells evolve over the ensuing weeks. Surprisingly, the reactive glial cells are able to co-express markers of different cellular lineages, thus obscuring the lineage (astrocyte, microglia, or early neuron) from which they originated (Fig. 1I, J) . The emergence of reactive cells can be prevented by the application of a cell-division inhibitor (Fig. 1K, L) . Unfortunately, preventing the occurrence of reactive cells does not reverse the neuronal degeneration. Of course, a treatment that could ameliorate the degeneration of neurons would have immense clinical implications. It should be noted that we have also observed the emergence of some reactive cells in postmortem tissues from a few patients, but this is too infrequent an occurrence to allow a systematic analysis. There are also reports showing that neurons in neocortical slice culture from resected brain tissue obtained at epilepsy surgery maintain typical electrophysiological properties, such as robust action potential generation, normal resting potential, and synaptic connectivity (excitatory and inhibitory postsynaptic potentials) for up to three weeks using human cerebrospinal fluid (hCSF) as the culture medium [41] . In that study, dense populations of NeuN-positive cells with intact somato-dendritic morphology in all cortical layers were much more frequent in hCSF-treated slices than in slices in traditional medium cultured for 18 days. Extracellular population recording has revealed tonic and rhythmic network activity in human brain slices [41] . Furthermore, in hippocampal and temporal lobe slices, characteristic epileptiform activity can be maintained and recorded in vitro [42, 43] . The in vitro spontaneous interictal-like activity recorded in the subiculum of human acute temporal lobe slice cultures appears to resemble intracranial EEG recordings from the same patient with temporal lobe epilepsy [44] . Human temporal cortical slices exposed to amyloid-beta oligomers (AbOs) present robust binding of AbOs and elevated levels of hyperphosphorylated Tau, the second hallmark of AD [45] . In addition, hippocampal slices from patients who underwent surgical removal of epileptic foci have been maintained successfully in culture for up to 25 days, and the cell viability was [ 50%. AbOs exposure of slices from three different donors for 24 h altered the expression of 27 genes as revealed by microarray analysis and confirmed by qPCR, notably with downregulation of the mRNA and protein levels of synaptophysin [46] . This is a presynaptic vesicle membrane protein and the results suggested that the oligomers cause synaptic failure. Thus, adult human brain slice cultures exposed to exogenous AbOs seem to be a good addition to AD mouse models to study the mechanisms or potential targets of novel diagnostic or therapeutic strategies for AD. The tumor-and non-tumor cerebral cortical slices collected intra-operatively from patients undergoing craniotomy for tumor, trauma, arteriovenous malformation, aneurysm, or epilepsy remain intact in culture for a long period of time (*11 days) without any significant change to the tissue cytoarchitecture as shown by immunohistochemical and electron microscopic analyses [47] . Astrocytes with intact somata and processes, neuropil, endothelial cells, basal lamina, and myelinating and non-myelinating axons are well preserved. Also, organelles in these cells are intact, including mitochondria, rough endoplasmic reticulum, Golgi apparatus, microtubules, synapses, and synaptic vesicles. Mitotic bodies in tumor slices are also seen, indicating that the tumor is still proliferating [47] . Human brain tumor slice cultures may provide new avenues for studying cell migration and progression, cellular composition, and potential pharmacological therapies for brain tumors. Acute human brain slices from patients with temporal lobe epilepsy and deep brain tumors exhibit excellent viability and intrinsic and active neuronal membrane properties for at least three days [48] . Importantly, the laminar architecture of the neocortex remains intact, with no overt signs of cell dispersion. Furthermore, widespread enhanced yellow fluorescent protein-labeled neurons can be seen as early as two days after Herpes Simplex Virus type-1 infection, exhibiting membrane properties largely comparable to uninfected neurons over this short timeframe [48] . Neurons in human temporal neocortical and hippocampal tissue slices transduced with a lenti-viral (LV) vector containing the channelrhodopsin-2 (ChR2) gene under the control of the human synapsin promoter effectively express ChR2, respond to light stimulation by generating action potentials, and induce synaptic responses in neighboring neurons cultured in standard medium for up to 2 weeks [49] . That study shows that optogenetics can become a practical tool to explore synaptic connectivity and neuronal networks in human brain tissue cultures. Recent work has explored the optimal conditions for long-term cultures of human brain slices for up to one month [43] . Studies have shown that the regional organization and neuronal physiology and morphology of the dentate gyrus, CA2/3, subiculum, and cortex surgically excised from the human temporal lobe and peri-tumoral or dysplastic cortex maintained for 5 weeks-6 weeks using a new defined culture medium are similar to acute slices, as indicated by immunohistochemistry, whole cell recording, and spontaneous synaptic events [43] . In contrast, some studies [25, 27] have reported the emergence of reactive glial cells and concurrent degeneration of neurons in cultured resected brain tissue. This may be attributed to surgical manipulations and differences in the culture procedure and the medium. Consequently, in these studies no electrical activity was detected in cultured resected tissue (Balesar, Verwer et al., unpublished data). Transgenes such as GCaMP6 (a Ca 2? indicator), carried by AAV or LV vectors and applied during culture preparation, can be stably expressed at 2 weeks-3 weeks, allowing simultaneous electrical and optical recordings of neuronal Ca 2? transients [43] . The findings described above show that, under suitable circumstances, resected human brain slices in culture can show long-term survival and enable experimental approaches such as transgene expression. Under different conditions, other processes such as the injury response may be studied.
Thus, cultures of postmortem and resected human brain tissue can be used to address many different, but important, aspects of human brain functioning.
Human brain slice cultures have some advantages. They partly conserve the original three-dimensional brain architecture, neuronal shape, synaptic connectivity, and microenvironment with glial cells and even blood vessels in very well-controlled culture conditions. This is one of the closest experimental representations to an in vivo human model without using living human subjects. Long-term slice culture allows experiments such as pharmacological intervention, cytoarchitectural evaluation, migration, disease model evaluation, and experiments that might be impossible to do in vivo, such as viral genetic labeling for tracing or the neuromodulation of human neurons by optogenetics. It should also be noted that these tools have some disadvantages. A concern in the use of resected brain tissue from patients with epilepsy or brain tumors is that neurons not involved in the pathological process may have experienced the effects of epileptic seizures for many years or may have been interfered with by drug treatment. In addition, surgical manipulations or culture procedures and the medium used may induce an injury reaction [27] . On the other hand, postmortem brain tissue undergoes biochemical and neuroanatomical changes from the moment of death to tissue collection [50, 51] and during culture. Samples with short postmortem delays are desirable, but the premortem health and previous medical conditions/treatments of patients may be of equal importance. Specific procedures and conditions for the collection and processing of postmortem and surgical materials are important to achieve the optimal viability of human brain slices. Last but not least, well-documented archives of patient data are needed to guarantee the scientific importance of the research efforts.
Brain Donation and Brain Banks
As can be concluded from the examples above, donations of postmortem brain tissue for research are necessary if we are to achieve a better understanding of the physiological functions of the human brain and their alterations in neuropsychiatric disorders. It should be noted that neuropsychiatric disorders are in general the result of an interaction between genetic and epigenetic factors that cause changes in brain development, resulting in vulnerability to environmental stress and functional disorders. Research with donated postmortem human tissue is, therefore, one of the most effective means of studying and gaining an understanding of these complex disease processes. The only way to determine the differences between illness and normality is to experimentally compare the diseased brain with a similar sample from normallyfunctioning controls without brain disorders. To make such comparisons, scientists need to have both diseased and normal control brain tissues that should be matched for many factors such as age, sex, agonal state, postmortem time, and hour and season of death, and the patients should be extensively documented in terms of clinical history and neuropathology [52] . Controls are thus just as important as cases with neuropsychiatric disorders. The above aspects require well-organized brain banks.
Anyone who wishes to support scientific research by donating his or her brain after death can become a donor. By providing written consent, the donor becomes registered in the donor database of a brain bank. A human brain bank is an organization that stores and provides welldocumented high-quality postmortem brain tissue from patients with different brain disorders and well-matched controls to be used by research groups. Information about the disease process and about what treatments the donors and controls receive is needed. In addition, microscopic investigation by a neuropathologist is indispensable to confirm the clinical diagnosis and the possible presence of other neuropsychiatric disorders. One of the major goals of a human brain bank is to facilitate research into the most prevalent neuropsychiatric disorders, but the study of controls can also reveal crucial information about the way a healthy brain functions. Innovative research using human brain tissue may lead to major breakthroughs in our understanding of the human brain in health and disease and may yield novel therapeutic strategies to treat brain disorders.
Brain banks are currently well established in highincome countries and use standardized operational procedures to support collaborative studies across the world [53] . Recently, the China Brain Bank Consortium has been set up, with standardized brain banking procedures with advice from international experts, and a tissue-sharing system is under construction [54] . This will provide an important addition to neuroscience research in China.
Conclusions
To sum up, human brain slice culture is an emerging experimental system that effectively keeps the complex in vivo neuronal network intact, and seems to be a useful strategy to study the cellular and molecular mechanisms underlying the pathophysiology of neuropsychiatric disorders, and to evaluate potential therapeutic treatments for such diseases. The infrastructure needed for the availability of such an endeavor, involving brain banks that provide clinically and neuropathologically well-documented postmortem brain tissue, is being set up in China.
